The effects of fasting and refeeding on the glucose transport response to insulin in isolated rat . Although the concentration of glucose transporters in the low density microsomes of basal cells remains decreased, the total number is restored to the control level due to an increase in low density microsomal protein. Thus, the insulinresistant glucose transport in adipose cells from fasted rats can be explained by a decreased translocation of glucose transporters to the plasma membrane due to a depleted intracellular pool. In contrast, the insulin hyperresponsive glucose transport observed with refeeding appears to result from (a) a restored translocation of glucose transporters to the plasma membrane from a repleted intracellular pool and (b) enhanced plasma membrane glucose transporter intrinsic activity.
Introduction
The effects of fasting and refeeding on the glucose transport response to insulin in isolated rat adipose cells have been examined using 3-O-methylglucose transport in intact cells and cytochalasin B binding and Western blotting in subcellular membrane fractions. After a 72-h fast, basal glucose transport activity decreases slightly and insulin-stimulated activity decreases > 85%. Following 48 h of fasting, insulin-stimulated glucose transport activity is diminished from 3.9±0.5 to 1.3±0.3 fmol/cell per min (mean±SEM) . Similarly, the concentrations of glucose transporters are reduced with fasting in both the plasma membranes from insulin-stimulated cells from 38±5 to 18±3 pmol/mg of membrane protein and the low density microsomes from basal cells from 68±8 to 34±9 pmol/mg of membrane protein. Ad lib. refeeding for 6 d after a 48-h fast results in up to twofold greater maximally insulin-stimulated glucose transport activity compared with the control level (7. 1±0.4 vs. 4.5±0.2 fmol/cell per min), before returning to baseline at 10 d. However, the corresponding concentration of glucose transporters in the plasma membranes is restored only to the control level (45±5 vs. 50±5 pmol/mg of membrane protein). Although the concentration of glucose transporters in the low density microsomes of basal cells remains decreased, the total number is restored to the control level due to an increase in low density microsomal protein. Thus, the insulinresistant glucose transport in adipose cells from fasted rats can be explained by a decreased translocation of glucose transporters to the plasma membrane due to a depleted intracellular pool. In contrast, the insulin hyperresponsive glucose transport observed with refeeding appears to result from (a) a restored translocation of glucose transporters to the plasma membrane from a repleted intracellular pool and (b) enhanced plasma membrane glucose transporter intrinsic activity.
A classic study by Moore (1) in 1963 in rat adipose tissue demonstrated that fasting decreased and refeeding caused an overshoot in insulin-stimulated glucose uptake. Subsequently, more sophisticated techniques have shown progressive resistance to insulin's stimulatory effects on both glucose transport and metabolism in rat and human adipose cells with fasting, although the mechanisms have not been defined (2) (3) (4) (5) (6) (7) . In addition, short periods of refeeding after fasting have been reported to restore insulin-stimulated glucose transport activity in rat adipose cells to normal (3) . However, the effects of longer periods of refeeding on glucose transport activity have not been studied, although an overshoot in insulin-stimulated glucose metabolism has been demonstrated (4-6, 8).
Studies from this laboratory (9, 10) and independent studies by Kono and co-workers ( 11, 12) have shown that insulin stimulates glucose transport in isolated rat adipose cells by recruiting functional glucose transporters from a large, membrane-associated intracellular pool to the plasma membrane. In addition, the alterations in insulin-stimulated glucose transport activity associated with several insulin-resistant (13) (14) (15) (16) (17) (18) and hyperresponsive (19) (20) (21) (22) (23) states have been explained by changes in the number of glucose transporters. Three rat models characterized by insulin resistance at the cellular level, i.e., high fat/low carbohydrate feeding (13) , obesity and aging (14) , and streptozotocin diabetes (15) , are accompanied by a depletion of intracellular glucose transporters in the basal state and a resultant diminished translocation of glucose transporters to the plasma membrane with insulin stimulation. Cellular hyperresponsiveness to insulin has been demonstrated in four rat models: the young, genetically obese Zucker fatty rat (21) , experimental chronic hyperinsulinemia (19) , physical training (22) , and insulin treatment of streptozotocin diabetes (20, 23) . All four models are associated with an increased insulin-stimulated translocation of glucose transporters to the plasma membrane from an enlarged intracellular pool. The latter appears to result from a net increase in microsomal membrane protein synthesis. However, the increase in the number of glucose transporters observed with insulin treatment of the diabetic rat is not sufficient to explain the marked overshoot in glucose transport activity suggesting, in addition, a substantial change in glucose transporter intrinsic activity.
This investigation was undertaken to systematically determine the effects of fasting and refeeding on the stimulation of glucose transport activity by insulin in the rat adipose cell, define the mechanisms for the altered glucose transport responses to insulin in the rat adipose cell with fasting and refeeding, and further elucidate the extent to which metabolic factors can influence glucose transporter number and intrinsic activity. The results indicate that refeeding induces an overshoot in insulin-stimulated glucose transport activity similar to that previously reported for insulin-stimulated glucose metabolism (4) (5) (6) 8) . In addition, these nutritional alterations appear to affect insulin-stimulated glucose transport by at least two divergent mechanisms. The insulin-resistant glucose transport in adipose cells from fasted animals can be explained by a decreased translocation of glucose transporters to the plasma membrane from a depleted intracellular pool. In contrast, the potentiated glucose transport response to insulin in adipose cells from rats refed after fasting is associated with a restoration of the number of glucose transporters translocated only to the normal level and therefore appears to involve an additional modulation of glucose transporter intrinsic activity. Initially, a series of experiments was performed to establish the time course of the effects of fasting and refeeding on basal and maximally insulin-stimulated glucose transport activity. A second series of experiments was then undertaken with 2 d of fasting and 6 d of refeeding to investigate the mechanisms for the alterations observed.
Preparation of isolated adipose cells and measurement of adipose cell size. Immediately after the animals were killed, the whole epididymal fat pads were removed and isolated adipose cells were prepared by the method originally described by Rodbell (24) and subsequently modified by Cushman (25) Preparation of subcellular membrane fractions, determination of glucose transporter concentration, and assay ofplasma membrane glucose transport activity. Isolated adipose cells from a minimum of 27 rats for each experimental group were distributed in two 1 5-ml samples into 21 ml of incubation medium in each oftwo 950-ml polypropylene jars and incubated at 370C for 30 min in the presence of 0 or 700 nM insulin. After removal of samples for the determination of 3-0-methylglucose transport, plasma, high density microsomal, and low density microsomal membrane fractions were prepared from the remaining cells by differential ultracentrifugation as previously described (10, 30) . Equilibrium D-glucose-inhibitable [3H]cytochalasin B binding was then measured and the concentrations of glucose transporters were calculated (9, 10) . In some preparations, glucose transporter cross-reactivity with a rabbit antiserum prepared against the purified human erythrocyte glucose transporter (courtesy of Drs. David C. Sogin and Peter C. Hinkle, Cornell University) was examined also as previously described (31, 32) . D-glucose transport into isolated plasma membrane vesicles was measured in some preparations by the method developed by Baldwin et al. (33) as described by Simpson et al. (30) .
Membrane protein was determined by the Coomassie Brilliant Blue method (protein assay; Bio-Rad Laboratories, Richmond, CA) described by Bradford (34) and modified by Simpson and Sonne (35) using crystalline bovine serum albumin (Sigma) as the standard. The specific 5'-nucleotidase (36), cytochrome c reductase (37) , and galactosyltransferase (38) activities of each homogenate and subcellular membrane fraction were also assayed. These marker enzyme activities were used to estimate the relative cross-contaminations and recoveries of plasma membranes, endoplasmic reticulum, and membranes of the Golgi apparatus, respectively (30) . Because treatment of adipose cells with insulin had no effect on membrane protein recovery or marker enzyme specific activity, the results from basal and insulin-stimulated cells within each separate experiment were averaged.
Calculations and statistical analyses. The Vmiax and Km for 3-0-methylglucose transport were determined using Eadie-Hofstee plots. The "best fit" curves for the inhibition of 3-0-methylglucose transport by cytochalasin B were found using a four parameter logistic model. All calculations were carried out on the Dartmouth Time-Sharing System computer facilities. Comparisons between experimental groups were made using a t test of statistical significance and differences were accepted as significant at the P . 0.05 level.
Results
General characteristics ofcontrol, fasted and refed rats. Several physiological parameters were measured sequentially during the 1 5-d study period. Body weight and adipose cell size decreased progressively with fasting and increased progressively with refeeding, coming close to control levels after 2 wk. Adipose cell intracellular water space, which reflects cytoplasmic mass and correlates with intracellular protein, also decreased with fasting but rapidly surpassed control levels with refeeding and remained slightly elevated at 2 wk. Table I shows rats, body weight is reduced 21%, cell size 32%, and intracellular water 37% compared with control rats of comparable age. With 6 d of refeeding, both body weight and adipose cell size are increased but remain slightly less than the corresponding control levels, while adipose cell intracellular water is increased to 46% greater than control.
Time course of effects offasting and refeeding on 3-0-methylglucose transport. Fig. 1 illustrates that fasting and refeeding are accompanied by little absolute change in basal glucose transport activity, but marked and rapid changes in the maximally insulin-stimulated rate. During the 1 (Fig. 2 A) , closely paralleling the decrease in insulin-stimulated glucose transport activity in the intact cell (Fig.  1 ). In the low density microsomes, fasting is accompanied by a 50% decrease in the concentration of glucose transporters in the basal state and an 83% reduction in the loss of glucose transporters in response to insulin (Fig. 2 B) . Fig. 2 , C and D shows the subcellular distributions of glucose transporters in adipose cells from 2-d fasted/6-d refed rats. In the plasma membranes, the concentration of glucose transporters in the basal state is increased 68% with refeeding compared to ad lib. feeding (Fig. 2 C) . The concentration of glucose transporters in the insulin-stimulated state, however, is restored only to the control level (Fig. 3 C) , markedly contrasting with the enhanced glucose transport activity observed in the intact cells (Fig. 1) . In the low density microsomes, the concentrations of glucose transporters are decreased by 25% in the basal state and 41% in the insulin-stimulated state, with only a 13% reduction in the loss of glucose transporters in response to insulin (Fig. 2 D) . and incubated for 30 min at 370C in the absence or presence of 700 nM (100,000 gU/ml) insulin, and subcellular membrane fractions were prepared and the concentrations of glucose transporters determined as described in Methods. Relatively few glucose transporters are observed in the high density microsomes in adipose cells from either group and in previous studies these have been shown to result primanly from cross-contamination with membranes from the other two subcellular fractions (30) . Accordingly, the concentrations ofglucose transporters in the high density microsomes from cells of the refed rats are greater than those from cells of the control rats in both the basal ( (38) , but probably less specific in the rat adipose cell (30, 39) . Table I demonstrates that the recoveries of total homogenate and low density microsomal protein are decreased with fasting, whereas plasma membrane and high density microsomal protein are unchanged. With refeeding, the recoveries of total, and high and low density microsomal protein are increased 56, 31, and 60%, respectively, while plasma membrane protein remains unchanged. Table II illustrates that fasting is associated with an increased recovery of galactosyltransferase activity in the plasma membranes. Table III further illustrates that fasting is accompanied by an increased relative enrichment of the plasma membranes with galactosyltransferase activity and the low density microsomes with 5'-nucleotidase activity. The actual galactosyltransferase specific activity in the low density microsomes is reduced. Refeeding, on the other hand, is associated with a reduced recovery of 5'-nucleotidase activity in the plasma membranes, and galactosyltransferase activity in the plasma membranes and low density microsomes (Table II) . In addition, refeeding is accompanied by an increased relative enrichment of galactosyltransferase in the plasma membranes and high density microsomes, and cytochrome c reductase in the plasma membranes (Table III) . Further studies to elucidate the discrepancy between glucose transport activity in the intact adipose cell and glucose transporter concentration in the plasma membranes with refeeding. Because the increase in the insulin-stimulated concentration ofglucose transporters in the plasma membranes of adipose cells from the refed rats is much less than the marked increase in insulin-stimulated glucose transport activity observed in the intact cell, further studies were undertaken to characterize this insulin hyperresponsiveness. For example, a decrease in the Km indicating an increase in the apparent affinity of the glucose transporter could potentially explain an increase in glucose transport activity in the absence of a corresponding increase in glucose transporter number. However, as shown in Table IV , refeeding is associated with a substantial increase in Vm.. with no change in Km. The apparent lack of alteration in the interaction of the glucose transporter with its substrate is further indicated by no change in the Kd of the glucose transporter for the binding of cytochalasin B, a potent competitive inhibitor (control, 110±9 nM; fasted/refed, 115±12 nM; mean±SEM), or the Ki of cytochalasin B for insulin-stimulated glucose transport activity in the intact cells (control, 721 nM; fasted/refed, 894 nM; average of two experiments).
Another potential explanation for insulin-hyperresponsiveness is the induction with refeeding of a second glucose transporter not measured by the cytochalasin B binding assay. This is unlikely because cytochalasin B completely inhibits insulin-stimulated glucose transport activity in the intact adipose cells from both the control and refed rats (data not shown). Finally, if this hyperresponsiveness were to represent an increase in glucose transporter intrinsic activity, it could reflect either the presence of an allosteric effector in the cell or a more direct, perhaps covalent, modification of the glucose transporter and/or its microenvironment in the membrane. Fig. 3 illustrates that in contrast to the glucose transport activities observed in the intact cell ( Fig. 1) , D-glucose transport measured in plasma membrane vesicles prepared from insulin-stimulated cells is unchanged with refeeding compared to the control values, thus correlating closely with the concentrations of glucose transporters. In the basal state, plasma membrane glucose transport is lower than expected relative to the concentrations of glucose transporters, probably reflecting the presence oflow density microsomal glucose transporters in the plasma membrane fraction.
To determine whether structural modifications in the glucose transporter might have occurred as a result of fasting and refeeding, membrane fractions from the adipose cells of control and refed rats were probed by Western blotting with an antiserum prepared against the purified human erythrocyte glucose transporter (31, 32) . rats. Isolated cells were prepared and incubated and subcellular membrane fractions were pre-4 Fe pared as described in Fig. 2 (Fig. 2) or plasma membrane glucose transport (Fig. 3) . Thus, this band is probably not directly related to the alterations observed in glucose transport activity.
Discussion
This study demonstrates that fasting and refeeding in the rat are associated with rapid, progressive, and reversible adaptations in the glucose transport response to insulin in the adipose cell and that the mechanisms for the changes observed with fasting and refeeding differ. With fasting, glucose transporter concentration in the plasma membranes ( Fig. 2) correlates with glucose transport activity in the intact cell ( Fig. 1 ) in both the basal and insulin-stimulated states. Major changes in cell fractionation can be excluded since only minor differences in the recoveries of membrane protein (Table I) , and the recoveries and relative specific activities of membrane marker enzymes (Tables II and III (Fig. 1 ) in either the basal or insulin-stimulated states. Marker enzyme recoveries (Table II) and relative specific activities (Table III) , and protein recoveries (Table I) suggest the presence of contaminating protein from the highand low-density microsomes which preferentially distorts the relatively low value for glucose transporters in the basal state. Additionally, these assays indicate that the recoveries of both plasma membranes and low density microsomes may be decreased in cells from the refed rats (Table II) . However, a calculation adjusting for the decreased recovery of plasma membranes would be offset by a similar adjustment for the decreased recovery of low density microsomes. Thus, the changes in marker enzyme relative specific activities and recoveries do not appreciably alter the interpretation ofthe concentrations of glucose transporters in any of the subcellular membrane fractions, and an effect of refeeding after fasting on plasma membrane glucose transporter intrinsic activity in the insulin-stimulated state must be proposed to explain the marked discrepancy between glucose transport activity in the intact cell and the corresponding concentration of glucose transporters in the plasma membranes. Acute modulation of glucose transporter intrinsic activity by in vitro incubation of insulin-stimulated rat adipose cells with adenylate cyclase stimulators and inhibitors has recently been observed (40-42). In addition, we have also recently reported an apparent chronic regulation of glucose transporter intrinsic activity associated with insulin treatment of diabetic rats (20) (21) (22) (23) .
Further studies were therefore undertaken to examine the mechanism(s) through which a change in glucose transporter intrinsic activity could take place, with initial consideration given to possible alterations in the interaction of cytochalasin B with the glucose transporter. This proved unlikely since differences between control and refeeding were not apparent in: the sensitivity of the intact adipose cells to cytochalasin B inhibition of glucose transport activity (Ki), the affinity (Kd) of the glucose transporter in the subcellular membrane fractions for cytochalasin B, the affinity ofthe glucose transporter for its antibody (Fig. 4) , or the relative molecular mass of the glucose transporter (Fig. 4) .
A highly cross-reactive protein species is seen by immunoblotting, however, at -24,000 Mr in all membrane fractions from adipose cells of the refed rats (Fig. 4) . This band is also observed in membranes from cells of the control rats in some experiments, as is evident here in the high density microsomes (Fig. 4) . A species with the same relative molecular mass has been observed in membranes from cells associated with two other states of hyperresponsive glucose transport activity: adipose cells from insulin-treated streptozotocin diabetic rats (20) and fibroblasts transfected with an activated ras oncogene (43) . Therefore, although this protein is present to some extent in the control state, it appears to be more prevalent in states where glucose transport activity is increased.
The -24,000 M, band is present in greatest intensity in the high density microsomes and its distribution roughly parallels those of marker enzyme activities characteristic of the endoplasmic reticulum where glucose transporter concentration is lowest (30) . Furthermore, addition of protease inhibitors to cells before homogenization and during membrane preparation has no consistent effect on the relative intensities of the -45,000 and -24,000 M, bands (data not shown), suggesting that the -24,000 Mr species is not a degradation product of the glucose transporter. Finally, the lack ofcorrelation ofthe intensity of the -24K band with the cytochalasin B binding results (Fig. 2, C and D) , including those obtained with the high density microsomes (see text), and with the plasma membrane glucose transport results (Fig. 3) , indicates that this species does not appear to either bind cytochalasin B or transport glucose, respectively. Therefore, while the identity of this -24,000 Mr protein is unknown, it is unlikely to explain the insulin hyperresponsive glucose transport activity observed here in the intact cells from refed rats.
Finally, glucose transport in the plasma membrane vesicles from insulin-stimulated adipose cells of the refed rats (Fig. 3) closely correlates with the concentrations of glucose transporters assessed by cytochalasin B binding (Fig. 2 C) or Western blotting (Fig. 4) . Thus, the apparent alteration in glucose transporter intrinsic activity associated with refeeding is lost with cell disruption. This observation, coupled with the lack of change in relative molecular mass on Western blotting makes a permanent structural change in the glucose transporter unlikely and suggests that the altered intrinsic activity may be due to a modifying factor in the intact cell. A modifying factor with an inhibitory effect has been suggested previously as a result of changes in glucose transport activity induced by dexamethasone in both rat adipose cells (44) and thymocytes (45) .
In previously reported states of altered insulin responsiveness, changes in the concentrations of glucose transporters in the plasma membranes have usually reflected parallel changes in the low density microsomes (13) (14) (15) . This is evident in cells from the fasted rats (Fig. 2, A and B) , but not in cells from the refed rats where the concentrations of glucose transporters per milligram of membrane protein are the same in the plasma membranes (Fig. 2 C) but decrease 40% in the low density microsomes (Fig. 2 D) . However, the recovery of low density microsomal protein is substantially increased (Table I) and therefore the actual number of glucose transporters in this fraction is equivalent to control. This explains a restoration of insulin responsiveness to the control level from the depressed state associated with fasting, but again does not explain the hyperresponsiveness.
Thus, the refed rat model is similar to the insulin-treated diabetic rat in that reversal of a catabolic state, whether fasting or diabetes, results in restoration of glucose transporter number to approximately normal levels, but a dramatic overshoot in glucose transport activity. This appears to be due to an enhancement of glucose transporter intrinsic activity. In contrast to the insulin-treated diabetic rat, however, the refed rat shows this enhancement in the absence ofa disease state, pharmacological doses of insulin, or relative hypoglycemia, all of which have been postulated to play a role in enhanced insulin responsiveness (19, 20) .
In summary, fasting and refeeding in rats are accompanied by rapid, progressive, and reversible changes in insulin-stimulated glucose transport activity in the adipose cell. The mechanisms for these alterations differ: the insulin resistant glucose transport seen with fasting can be explained by a reduction in the number of glucose transporters in the plasma membrane resulting from a depleted intracellular pool. Refeeding results in hyper-insulin-responsive glucose transport with only a restoration to normal of the number of glucose transporters in both the plasma membrane and intracellular pool. Therefore, the additional insulin responsiveness appears to be due to enhanced glucose transporter intrinsic activity.
